Salmonella enterica serovars Typhimurium and Enteritidis are the two S. enterica serovars most frequently associated with human food poisoning, with 1.4 million cases reported in the United States in 1999 (26) and an estimated 192,703 cases in the European Union in 2004 (4) . Poultry and poultry products are generally considered to be major sources of human infection (3, 65) . Healthy adult chickens generally show no clinical disease following oral infection with these serovars (6, 70) . Infection of birds more than a few days old with S. Typhimurium or S. Enteritidis results in asymptomatic cecal colonization with persistent shedding of organisms, resulting in carcass contamination at slaughter and entry into the human food chain. The ecology of colonization of birds of this age is complex (21) . In contrast, infection within a few hours of hatching, as can occur in hatcheries, when the chicken is immunologically immature and possesses a rudimentary gut flora, not only results in massive multiplication in the alimentary tract but can also result in severe systemic disease in the bird (6, 73) .
Although intestinal colonization is central to entry into the human food chain, either through carcass contamination or by preceding systemic infection and subsequent egg contamination, the mechanism whereby S. enterica serovars colonize and interact with the host in the early stages of infection is still poorly understood. Screening of randomly generated mutant libraries of S. Typhimurium and more targeted studies have provided some insight into the bacterial genes required for colonization of chickens which are several weeks old and possess a gut flora. Type I and other fimbriae, including those encoded by the stb, csg, and sth operons (22, 31, 59) , are thought to be involved in attachment of Salmonella and Escherichia coli bacteria to the mucosal layer or even to epithelial cells. Lipopolysaccharide is also thought to be involved, but it is unclear how (20, 59, 82) . Additionally, global regulatory genes and a number of metabolic functions, including serine and citrate utilization, together with heat shock conditions, appear to contribute to the process in adult birds (59) . Although some of the genes identified indicate that a close association with the gut mucosa is important in Salmonella colonization, the metabolic behavior of bacteria in the gut of newly hatched chickens is still poorly understood. Microbial behavior under these circumstances is very different from that in older birds. Viable numbers of Salmonella bacteria colonizing the cecum are much higher in younger than in older birds, and the interactions between the bacteria may more closely resemble those in stationary-phase broth cultures (100) , where competition for nutrients under the prevailing redox conditions is at least known to be involved. Some studies also indicated the importance of proton-translocating proteins in colonization (44, 100; S. Muhammad, M. A. Jones, and P. Barrow, unpublished) . Other factors, including some secreted proteins, contribute in different hosts, but it is again unclear how (52, 59, 82) .
The numerical predominance of Salmonella bacteria in the ceca of young chicks following experimental infection allows effective analysis of the bacteria in the absence of other organisms, and gene transcription pattern analysis at the genome level is thus possible. A whole-genome array derived from S. Typhimurium was used to investigate gene expression of the virulent avian phage type 14 strain S. Typhimurium F98 (70, 82, 100) , harvested directly from chick ceca and compared with expression patterns from bacteria grown in broth in vitro. This approach, at least with Campylobacter jejuni, has demonstrated successfully that expression profiles under these conditions do resemble those observed in older, fully colonized birds (92) .
resuspended in a total volume of 25 l of hybridization buffer (3ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 25 mM HEPES, yeast tRNA, 50ϫ Denhardt's solution, 10% [wt/vol] SDS), heated for 2 min, and then cooled in the dark. The probe was applied directly to the array with a clean coverslip placed on top. The probe was hybridized for 16 h at 63°C in a humidified slide chamber (Telechem, Inc., CA). The slide was postprocessed as described previously (25) . Slides were scanned using a commercial laser scanner (GenePix 4000A; Axon Instruments, MDS, Sunnyvale, CA).
Data analysis. Fluorescence intensities of the signal and background were calculated for each spot using image analysis software (GenePix Pro 3.0; Axon Instruments). Three biological replicates each of both the in vitro-grown RNA and the in vivo-harvested RNA were compared. The data were analyzed using the Limma package (71) . The data were first normalized within arrays using the Loess method (72) and then normalized between arrays in order to scale the log ratios to have the same median absolute deviation (MAD) across arrays (95) . A linear model was then fitted for each spot across the series of arrays. The resulting P values were adjusted according to the false-discovery-rate method of Benjamini and Hochberg (8) . Functional annotations were linked to the genes from the NCBI file NC_003197.ptt (http://www.ncbi.nlm.nih.gov/nuccore /16763390).
RT-PCR. The data were validated by quantitative reverse transcriptase PCR (qRT-PCR) of 15 genes which were differently regulated in the lumen samples to confirm gene expression ratios (87) . Primers (Table 1 ) and fluoroprobes were designed using Primer Express software (PE Applied Biosystems) and purchased from Sigma-Genosys Europe Ltd. (Cambridge, United Kingdom). One-step qRT-PCR was performed in triplicate by using a mix of 2 ng/l DNase-treated total RNA, gene-specific primers (50 nM) and probes (100 nM), and reverse transcriptase qPCR master mix (RT-QPRT-032X; Eurogenetic, EGT Group, Belgium). The concentrations of primers and template in each reaction mixture were determined by construction of a standard curve, starting with 200 ng total RNA and 500 nM primer and using 10-fold dilutions from 10 Ϫ1 to 10
Ϫ5
. Three total RNA samples were analyzed in triplicate in PCRs, and three replicate values were used to generate the standard curves. Amplification and detection of specific primers were performed using the ABI Prism 7700 sequence detection system (PE Applied Biosystems, Warrington, United Kingdom). The cycle parameters were as follows: an initial cycle of 48°C for 30 min and 95°C for 10 min and then 40 cycles of 95°C for 15s and 60°C for 1 min. The results were expressed in terms of threshold cycle value, the cycle at which the change in the reporter dye passes a significant threshold value above background. The fold changes in gene expression calculated from the qRT-PCR data were converted to log 2 values and plotted against the changes calculated from the array data, which had also been log 2 converted.
Creation of mutants. Insertion mutants using kanamycin or streptomycin/ spectinomycin resistance cassettes were prepared as single mutants using standard procedures detailed elsewhere (82, 83, 100) . Briefly, oligonucleotide primers were used to amplify upstream and downstream fragments, which were then joined together by an additional overlap extension PCR using the same two fragments as a template. This allowed the introduction of a KpnI site in the middle of the combined fragment and an XhoI and BglII (or, in the case of the cobS and cbiA mutants, XbaI) site at each end. This construct was incorporated into the suicide vector pDM4 (54) , and the Km r GenBlock insertion was introduced into the KpnI site. Spectinomycin and streptomycin (Spc-Str) resistance insertions were made in the same way. The cassette was in pHP45⍀Spc (H. Krisch, Département de Biologie Moleculaire, Université de Genèva, Switzerland). A single-base-pair change generated a BamHI site in the middle of the fragment that enabled an Spc-Str resistance cassette to be inserted after base 406 of the open reading frame (ORF), and XbaI sites were incorporated into each end of the fragment for cloning into pDM4. Oligonucleotide primers are shown in Table 1 . These pDM4 derivatives were maintained in E. coli strain SM10pir (83) and were introduced into the recipient Salmonella strains by conjugation. Transconjugants were isolated on selective medium supplemented with either streptomycin or kanamycin (25 g/ml), and their sensitivities to chloramphenicol were then tested to identify those that resulted from a recombinational doublecrossover event that had not incorporated any pDM4 DNA. The mutation was transduced into a fresh culture using P22 HT int (5) . Transductants were checked by PCR using primers from the 3Ј end of the cassette and the 5Ј end of the structural gene, which generated a single DNA fragment in each of the mutants but not in the parent strain.
Double mutants were prepared with the creation of the additional mutation in a single mutant background using the alternative resistance cassette.
Assessment of colonization ability. Colonization was checked in specificpathogen-free (SPF) day-old Light Sussex chickens obtained from the Poultry 4106 HARVEY ET AL. INFECT. IMMUN.
Production Unit, Institute for Animal Health. Birds were maintained in cages at 33°C with water and received no food prior to oral inoculation. Colonization ability was assessed in two ways. First (100), groups of 10 chickens were inoculated orally within 24 h of hatching with 0.1 ml of an undiluted broth culture of the strain (mutant or parent of nalidixic acid-resistant [Nal r ] S. Typhimurium F98) to be tested. They were then given access to a vegetable protein-based diet (SDS, Manea, Cambridgeshire, United Kingdom). Twentyfour hours later, 3 birds were killed and the numbers of bacteria of the inoculated strain in the ceca were enumerated. The remaining 7 birds were inoculated orally with 0.1 ml of a 1:1,000 dilution of a broth culture of an Spc r mutant of the parent F98 strain. Three days later, all birds were killed and the numbers of bacteria of both strains in the cecal contents were counted on brilliant green containing either sodium nalidixate (20 g/ml) and novobiocin (1 g/ml) or spectinomycin (50 g/ml) (Sigma). Second, at 1 day of age, groups of 20 chickens were inoculated orally with 0.1 ml of an overnight LB broth culture of cecal contents obtained from healthy, adult SPF chickens to prevent the development of systemic disease. They were then given access to feed, as described above. Twenty-four hours later, the chickens were infected orally with 10 8 CFU of either a spontaneous Nal r mutant of S. Typhimurium F98 or a Nal r mutant with a single or double insertion mutation in selected genes in 0.1 ml of LB broth. At 1, 2, and 3 weeks after inoculation, cloacal swabs were taken from each bird and plated in a standard manner (6) on brilliant green agar containing sodium nalidixate (20 g/ml) and novobiocin (1 g/ml) to obtain a semiquantitative enumeration of the bacteria excreted.
Virulence assays. Selected mutants of S. Typhimurium F98 were tested for their virulence for newly hatched Rhode Island Red chickens. The mutations were transferred by P22 transduction (5) to strain 4/74, which is virulent for mice (SL1344) (83) , for assessment of virulence in BALB/c mice. Virulence was assessed by oral inoculation of groups of 20 newly hatched chickens with 0.1 ml or of 10 BALB/c mice with 50 l of a broth culture diluted to contain 10 6 CFU in this volume. Morbidity and mortality were recorded over a 3-week period. Signs in chickens included anorexia and a disinclination to drink, standing with head and wings lowered, and caked feces around the vent. Mice became unsteady and had a "starry" coat. These signs are generally predictive of severe disease and death, and animals with signs of disease were killed humanely. Animals showing signs typical of salmonellosis were killed humanely, and their livers were cultured on MacConkey agar. Differences in mortality were analyzed by a 2 test. Microscopy of cecal contents. Eight newly hatched chickens were inoculated orally with 0.1 ml of a 1/1,000 dilution of an overnight LB broth culture of S. Typhimurium within 8 h of hatching. Eighteen hours later, all birds were killed and cecal contents were harvested into universal bottles and stored at 4°C. They were diluted 1:100 in phosphate-buffered saline (PBS) and observed within 1 to 2 h by phase microscopy. The number of bacterial cells that showed evidence of division, expressed as a proportion of the total, was counted for each sample. Bacteria which were attached or had a visible septum were regarded as in the process of division. Motility and general cell shape were also observed.
Microarray data accession numbers. Raw data have been deposited in GEO (http://www.ncbi.nlm.nih.gov/pubmed/11752295), platform GPL6439 (http: //www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGPL6439), and series GSE10337 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE10337).
RESULTS
Transcription profile from within the cecal contents. RNA extracted from S. Typhimurium bacteria from the luminal contents of the ceca of day-old chicks was compared to that from the in vitro cultures. The genes were grouped by clusters of orthologous groups of proteins (COGs) classification and are shown in Fig. 1 . This overarching classification indicated major changes resulting from adaptation to the cecal environment. Overall, 17% of the 4,457 S. Typhimurium coding sequences (CDS) present on the array showed changes in expression during infection. Of these, 282 CDS were upregulated more than 2-fold, including genes associated with amino acid, carbohydrate, coenzyme, and lipid transport. A total of 464 CDS were downregulated more than 2-fold, including genes associated with cell cycle regulation, translation, and DNA replication. Total RNA was extracted from five noninfected birds to determine if the cecal contents alone produced a cross-reaction with the array; no cross-reaction was detected (data not shown).
Genes which showed statistically significant differential expression between in vivo and in vitro conditions (2-fold change, P Ͻ 0.05) were considered to be of interest. The genes with increased and decreased levels of expression which fulfilled this criterion are listed in Tables 2 and 3 , respectively.
Compared with in vitro-grown luminal bacteria, significant changes were observed in genes associated with the following factors. (i) Relating to cell division, 12 genes associated with recombination, gene regulation, transcription, and chromosome replication, including hupA, himA, ygiE, and dnaX, were downregulated in vivo, compared to in vitro-grown bacteria. In addition, seven genes involved in cell division (including ftsEKX) were downregulated. There was a significant reduction in expression of 32 genes associated with translation, including rplB to rplW, rpsAGJSP, and rpmBIJ, following analysis of gene expression within the lumen of the cecum. Genes associated with DNA repair (including dcm, encoding DNA cytosine methylase, recC, and sbcC) were upregulated.
(ii) Regarding energy sources, the prpBCDE locus, but not prpR, its regulator, was significantly upregulated in the lumen. A number of genes in the pdu operon were upregulated, particularly the latter part, pduK-pduV. However, there was no associated upregulation of the cob or cbi genes. The btuF gene was found to be expressed, indicating utilization of an external source of cobalamin. Increased expression of genes in the eut (ethanolamine degradation) operon (eutPQTDMN) was detected. The low redox environment of the lumen is indicated by the significant upregulation of ttrABC, although phs and asr gene products were not significantly upregulated. Other genes associated with respiration with oxygen as the terminal electron acceptor, including cydA, cyoCD, nuoEFIJ, frd, and napC, were downregulated.
(iii) Regarding carbohydrates, a number of different loci involved in the utilization of carbohydrates showed different levels of up-and downregulation. Expression of melA was significantly upregulated in the lumen, although the changes in expression of melB and melR were not statistically significant. Four of the 11 genes (yiaM, yiaN, lyxK, sgbH) required for the catabolism of L-ascorbate to D-xylulose were upregulated. The gene encoding trehalose phosphate synthase, otsA, was also upregulated in the lumen, as were some unidentified genes, The classified genes were found to be significantly different, with a Ͼ2-fold change in expression and a P value of less than 0.05. COGs classification abbreviations: C, energy production and conversion; D, cell cycle control, mitosis, and meiosis; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; G, carbohydrate transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; J, translation; K, transcription; L, replication, recombination, and repair; M, cell wall/membrane biogenesis; N, cell motility; O, posttranslational modification, protein turnover, and chaperones; P, inorganic ion transport and metabolism; Q, secondary metabolites biosynthesis, transport, and catabolism; R, general function prediction only; S, function unknown; T, signal transduction mechanisms.
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HARVEY ET AL. INFECT. IMMUN. including STM0018, STM1560, and STM3254, classified as having a role in carbohydrate utilization. Interestingly, there was significant downregulation in glucose utilization genes, including crr and ptsH and genes involved in N-acetylglucosamine utilization, such as nagBE. The genes lamB and mglB were also downregulated.
(iv) With respect to amino acid utilization, there was a significant level of upregulation of expression of metE, metF, and metR, and upregulation of adiA, speA, argA, and argS indicated that arginine was being utilized by bacteria in the lumen. Interestingly, there was a significant upregulation in the expression of the potFGHI operon (putrescine transport) within the lumen. tdcAB, the transcriptional activator, and tdcB, involved in threonine utilization, were downregulated. In addition, dsdA and tdcG, involved in serine utilization, were also downregulated.
(v) For the bacterial surface, the majority of genes involved in flagellum production were downregulated in the lumen, including flgM, flgN, flgK, flgB, fliC, fljB, and fliA. There was also significant downregulation of chemotaxis genes cheAWZ, tcp, and tsr. Several fimbrial genes were significantly upregulated, including stfAEFG, stbB, stjB, stcC, sthB, csgA, and csgB. Parts of the fim operon, fimY and fimW, were also upregulated.
(vi) With respect to virulence factors, a small number of genes from Salmonella pathogenicity island 1 (SPI-1) were significantly upregulated, including sitBC, sipD, and spaS. The sit genes encode a part of an ABC transport system for the uptake of iron into the periplasmic space, indicating a potential function in colonization (94, 101) . Two genes from SPI-1, hilC and hilD, were significantly downregulated in expression. Both of these genes are involved in the transfer of environmental signals to the central virulence gene regulator, HilA (23) . This result is surprising, given the predicted effect of downregulating HilA. No significant change was observed for hilA expression, and a number of genes in SPI-1 were upregulated. This strongly suggests that in the lumen of the gut, a number of different factors are acting on the regulation of HilA. Little change in expression was detected within SPI-2 and SPI-4.
Within SPI-3, mgtC, rmbA, and fidL and the colonizationassociated genes shdA and misL, and in SPI-5, pipB, were found to be upregulated in the lumen. While a role for mgtC has been described for growth in low-magnesium environments (58), the requirement for pipB, rmbA, and fidL expression may represent redundant gene expression from the same island. There also seems no obvious reason for pipB expression to be required, as it is involved in intracellular kinesin binding (37) .
Validation by quantitative RT-PCR. To validate the microarray results, RT-PCR was carried out on 15 selected genes showing different levels of expression within the lumen. The data for the 15 genes (Fig. 2 ) gave an r 2 value of 0.53, which was a good fit (P ϭ 0.0019). The slope (2.27) indicated higher values by RT-PCR than by microarray.
Transcription profile from the mucosal wall. Patterns of gene expression in RNA extracted from S. Typhimurium bacteria from the washings of the cecal mucosa were compared to the data arising from the RNA harvested from the cecal lumen of day-old chicks. The genes were grouped by COGs classification and are shown in Fig. 3 . A total of 33 genes were significantly (change of 2-fold, P Ͻ 0.005) upregulated at the mucosa, and 16 genes were significantly downregulated (Tables 4 and) 5. Potentially significant changes in the mucosa, compared with luminal bacteria, were observed in genes associated with the following factors. (i) Relating to carbohydrate transport and metabolism, genes associated with glucose utilization were significantly upregulated at the mucosa, including gmhA, ptsH, and crr. A phosphotransferase suppressor of ompF was downregulated at the mucosal wall.
(ii) Regarding amino acid transport and metabolism, only one gene, yhiP, encoding a putative peptide transport protein, was significantly upregulated at the mucosa. However, three genes were significantly downregulated, including two encoding ABC transporter proteins and carB.
(iii) With respect to energy production and conversion, the cytochrome b 562 gene, cybC, was significantly upregulated at the mucosal wall. Four genes, pduDUW and ybhP, plus a gene coding for a tetratricopeptide repeat protein were significantly downregulated.
(iv) With respect to cell division and transcription, three genes associated with cell division were upregulated, namely, ftsA, yhdE, and mreB. Four genes associated with transcription were also upregulated (including rpoN and yciT).
(v) Regarding translation and posttranslational modification, two genes, tpx and sspA, were significantly upregulated at the mucosal wall, as was rpsM, which encodes a 30S ribosomal subunit protein. However, only one gene, the ribosome stabilization factor gene yfiA, was downregulated significantly.
(vi) Interestingly, pipB was upregulated at the mucosal wall. ugtL, which provides resistance to antimicrobial peptides, was also upregulated.
It is appreciated that the number of genes showing changes in expression at the mucosa is very small compared with that of the bacteria in the lumen and that the overall patterns of expression in the two populations were almost identical.
Microscopy of bacteria from the mucosa. Phase-contrast microscopy of the cecal lumen and cecal mucosa from the above-described samples was used to estimate the numbers of dividing bacteria in these two sites in the cecum. Samples taken from eight chickens indicated that the percentage of dividing bacteria was higher at locations close to the mucosal wall than within the lumen (Fig. 4) . There was no difference in bacterial cell size. No bacterial cells from the lumen showed evidence of motility (directional movement) in 10 microscopic fields, supporting the results of the gene expression studies above.
Colonization of chickens. Assessing the contribution to intestinal colonization of genes which were upregulated in the intestine was difficult in newly hatched chickens, since even serovars such as Salmonella enterica serovar Choleraesuis, which is unable to colonize the alimentary tract of adult birds, are nevertheless able to multiply in the guts of newly hatched chickens. We therefore decided to use a competition assay in which selected mutants are assessed for their ability to exclude a superinfecting parent strain inoculated 24 h later (100). This method is preferred to an assay in which both strains are inoculated simultaneously, because it allows an assessment of whether the mutant is utilizing the same nutrients under stationary-phase redox conditions as the parent strain which will compete with it. Our experience is that mutants which are sometimes noninhibitory in our assay are nevertheless frequently able to grow to equally high numbers as the parent strain when inoculated simultaneously (P. Barrow, M. Lovell, and M. A. Jones, unpublished results). Mutants were selected because the genes were relatively highly upregulated (metF, csgA, argA, and potG) or because they were linked metabolically (ttrS, ttrB, pduA, and eut). At the time of challenge, all mutants tested (metF, csgA, ttrS, ttrB, pduA, eut, argA, and potG) colonized the gut well, judging from the counts in the ceca of three birds killed at the time of challenge (Table 6 ). When the birds were killed 3 days after challenge, most mutants were still colonizing well, with the mean cecal count ranging from 7.03 to 7.71 log g Ϫ1 . Only the argA, pduA, ttrS, and potG mutants were found in low numbers. Despite this, all the mutants tested were able to exclude the parental challenge strains, with 6 of the 7 birds killed having challenge counts of Ͻ2 log, whereas the mean count of the challenge strain in birds which had not been previously inoculated with another strain was 5.11 (range, 4 to 7.20).
Because pdu, ttr, and btu genes were all upregulated in the intestine, and because these genes are all related to the anaerobic catabolism of 1,2-propanediol and ethanolamine, mutants with inactivated ttr, pdu, eut, or btu genes, and also cob and cbi operons, were tested for their ability to colonize the guts of 1-day-old chickens which had received gut flora preparations. The patterns of fecal excretion are shown in Fig. 5 . The greatest reductions in fecal excretion from that of the parent strain were seen with the pduA, ttrB, and cbiA genes and the cobS btuB double mutant. Statistical significance was assessed using the 2 test. Statistically significant reductions in colonization were observed only with the ttrB mutant (P Ͻ 0.01). Additional
FIG. 3. Comparison of S.
Typhimurium genes expressed at the mucosal wall with those expressed in the lumens of newly hatched chicks, classified according to COGs. Black bars, lumen; gray bars, mucosal wall. The classified genes were found to be significantly different, with a Ͼ2-fold change in expression and a P value of less than 0.05. COGs classification abbreviations: C, energy production and conversion; D, cell cycle control, mitosis, and meiosis; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; G, carbohydrate transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; J, translation; K, transcription; L, replication, recombination, and repair; M, cell wall/membrane biogenesis; N, cell motility; O, posttranslational modification, protein turnover, and chaperones; P, inorganic ion transport and metabolism; Q, secondary metabolites biosynthesis, transport, and catabolism; R, general function prediction only; S, function unknown; T, signal transduction mechanisms. reductions which were less significant were observed with pduA (P ϭ 0.03) and cobS (P ϭ 0.1) mutants. None of these mutations produced any significant attenuation in the virulence of S. Typhimurium for mice or newly hatched chickens. Signs of severe systemic disease were observed in 8 to 10 of the 10 inoculated mice and in 15 to 20 of the 20 inoculated chickens, regardless of whether the strain was the virulent parent or a mutant strain (P ϭ 0.25). Pure, heavy growth of Salmonella was obtained by culturing the livers of animals which were killed humanely.
DISCUSSION
The results here demonstrate that extensive transcriptional changes occur following infection of day-old chicks with S. Typhimurium, with many genes being downregulated in expression, indicating decreased metabolic activity from that of the broth culture. Those genes which were upregulated reflect a degree of adaptation to the luminal environment.
To study gene expression in Salmonella during colonization of chickens, the most appropriate model is generally regarded to be animals that are 2 to 6 weeks old and that have established gut floras which would be more dominant numerically than the colonizing pathogen. The constraints imposed by studying gene expression by microarray meant that experiments had to be performed in newly hatched chickens to avoid false-positive signals from the presence of numerically dominant flora components, such as E. coli. This model reflects the situation that occurs during infection in newly hatched chickens which does take place within hatcheries. Despite the shortcomings of this approach, the patterns of expression were closer to our preconceptions than we imagined. Similarly, patterns of global gene transcription in Campylobacter jejuni in a similar model were found to resemble those in older birds with gut floras (92) , and other similar models (e.g., a streptomycintreated mouse) have been used with E. coli with success (15, 44, 45) . The requirement for a large number of chickens to generate sufficient RNA also meant that bacteria present in the ceca of different birds would also likely have been present at different stages of the growth cycle, depending on whether the ceca were full, had just emptied, or were freshly filled (P. Barrow, un- a Ten chickens were inoculated with the test strain. Three chickens were killed to enumerate this strain 24 h later at the time of challenge. All chickens were killed 3 days later to enumerate both strains in the ceca.
b Viable counts at time of challenge are presented for all three chickens. Viable counts postmortem of all other chickens are the means and ranges. published). This potential variation had implications for measuring the expression of genes associated with logarithmic versus stationary-phase growth, but it did not appear to have a profound effect, judging from the patterns of expression observed.
Although we measured luminal gene expression, we were aware that the ceca contained heterogeneous environments, as indicated by the differing rates of cell division in the lumen and close to the mucosa. This was supported by differences in expression levels in genes associated with cell division, transcription, and translation. What was perhaps more surprising was that so few other genes were affected. The metabolic and virulence profiles from the bacteria harvested from the lumen fairly well reflected those from the mucosa, where most of the cell multiplication was taking place. This was reassuring. The small number of changes in expression at the mucosa from that of the luminal contents suggested that the two populations were very similar, but it offers some insight into the lifestyle of the bacteria close to the mucosa. The involvement of genes (crr and gmhA) in the uptake and metabolism of glucose, galactose, or mannose suggests that sialic acid from host cell membranes would likely act as a potential carbon source for bacteria close to the mucosa.
The data presented were also validated by the similar changes in expression observed in selected genes tested by RT-PCR, as has been found by other authors (2, 92) .
The reduced level of cell division within the lumen, indicated by microscopy, together with the reduced expression of genes associated with cell division, transcription, and translation, suggests a greatly reduced rate of metabolism and growth at this site. There is a direct dependence of transcription and translation rates and gene doses on bacterial growth rates (49, 53) , in addition to the dependence on total RNA quantity and ribosomal proteins (35, 47) . The relationship between cell growth rates and expression of genes associated with cell division is less clear, since a key gene associated with the formation of the Z ring, ftsZ, is expressed independently of growth rate (88) . The ftsEKX genes interact and form part of the divisome. Although functionality of several fts genes is not required for cell growth, as indicated by continued filamentous growth in fts mutants, ftsE mutants do show reduced growth rates, which can be suppressed at high osmolarities (18) . Despite the apparent low rate of cell division and the shortage of nutrients in the lumen, there was evidence that propionate, 1,2-propanediol, and ethanolamine acted as important carbon sources. This was less apparent at the mucosal wall, where the pduDUW genes were significantly downregulated and the main source of nutrients was unclear, although there was some evidence for use of glucose in this niche but not in the lumen (see below). Interestingly, expression of SspA, stringent starvation protein A, was upregulated at the mucosal wall. This protein in E. coli was found to be induced during stationary phase and starvation for carbon, amino acids, nitrogen, and phosphate (34) . It is thought to act as a global regulator. Its expression suggests that the bacteria were experiencing conditions of starvation, and though most bacterial multiplication is occurring close to the mucosa, this itself is not an ideal or static environment and it indicates the complexity of the environmental niches in the gut.
Within the lumen, degradation of 1,2-propanediol appeared to be occurring, although this generally requires endogenous adenosyl cobalamin (coenzyme B 12 ) biosynthesis. The pdu genes are contiguous and coregulated with cobalamin biosynthetic genes (cob and cbi) (49, 66) . However, in the current experiments, there was no significant upregulation of the cob or cbi operons within the lumen. Some vitamin B 12 is thought to be present in egg yolk (17) and would be present in the gut of newly hatched chickens, as the yolk sac is not fully resorbed for 3 to 4 days. This could be scavenged by BtuF (85) , and BtuF in Salmonella is a periplasmic binding protein with a high affinity for vitamin B 12 which was expressed within the lumen. Genes involved in the catabolism of ethanolamine, which is derived in part from host cells and membranes, are encompassed in the eut operon (67, 75) . The eutT gene encodes an adenosyltransferase, which is used to activate EutR, and in turn triggers transcription of the operon (68) . Two of the genes, eutM and eutN, partially encode a metabolosome with the products of eutSLK, which encode the shell proteins of the metabolosome (74) . The role of this structure was proposed to be to concentrate low levels of ethanolamine catabolic enzymes (10) . The eutD gene encodes a phosphotransacetylase, which acts as a safety valve to minimize flux variations in a system which converts ethanolamine into acetyl coenzyme A (acetyl-CoA). The roles of eutP and eutQ remain unclear, though they were significantly upregulated in the cecal lumen.
Tetrathionate is one of the electron acceptors of choice for the utilization of ethanolamine and 1,2-propanediol (64) in the absence of oxygen. Other genes associated with respiration, including cydA, cyoCD, nuoEFIL, frd, and napC, were downregulated, suggesting that an anaerobic environment is present in the cecal lumen. This is in contrast to the findings of Jones et al. (44) showing that cytochrome bd oxidase was required for colonization of the streptomycin-treated mouse intestine by E. coli. These models are not strictly comparable, since the streptomycin-treated mouse will retain some gut flora, whereas there was virtually none in this series of experiments. In addition, we have found a degree of host specificity related to the likely route of respiration during intracellular Salmonella infection in chickens and mice (83) and the redox conditions implied therein. Tetrathionate is reduced to thiosulfide and further to H 2 S with the products of ttr, phs, and asr genes. It is likely that the tetrathionate results, in part, from material from the yolk sac, which is rich in sulfur. The role of sulfur-based electron acceptors in respiration in the gut has been shown recently by Winter et al. (90) , who demonstrated that in mice with acute intestinal infection, reactive oxygen is released, which generates thiosulfate to be used as an electron acceptor. The model used here involved birds in which, at the time of harvesting, no inflammation was visible. It seems likely that during a more established infection when inflammation and gut damage will also occur, similar events are likely to take place.
Expression of ackA, encoding acetate kinase, which balances acetate and acetyl coenzyme A production, and an alternative phosphate donor acetyl phosphate, was upregulated 2-fold. A significant role of substrate-level phosphorylation in chickens is further supported by the poor colonization ability of ackA and pta mutants (P. Barrow and M. A. Lovell, unpublished findings).
The results from in vivo studies with mutations affecting the complex interactions between propanediol and ethanolamine as carbon sources, tetrathionate as the electron acceptor, and cobalamin as a cofactor were ambiguous, probably indicating the degree of redundancy in these nutrients as carbon sources. Thus, although the pduA mutant, like the other mutants, was fully inhibitory in the competition assay, it colonized the gut less well in these birds and also colonized the birds with the floras less well, albeit with a reduction of marginal significance. The eutS mutant colonized the gut well, again indicating the degree of redundancy in carbon source availability in this complex niche. Thus, although genes may be upregulated, indicating metabolic activity, their mutation will divert metabolic activity to other catabolic pathways. Both the ttrB and ttrS mutants colonized less well in this assay, with only the ttrB being significantly reduced. The picture is confused by the fact that the double mutants with a btuB mutation colonized well, whereas the single cobS and cbiA mutants colonized less well, although not significantly so. The interaction between propanediol utilization with tetrathionate and with cobalamin is highly complex, and much of the nature of these interactions in vivo remains to be determined.
The breakdown of propionate occurs via the 2-methylcitrate cycle using the prpBCDE locus (33), encoding the propionatedegrading enzymes and carrying prpR, a transcriptional regulator (38) which was previously thought to act as a sensor for 2-methylcitrate, an intermediate of the breakdown pathway (60, 61, 81) . Although cobB expression was also thought to be required (79) , there was no significant difference between expression in vivo and in vitro. The absence of cobB expression may be compensated for by expression of pduW, which encodes propionyl coenzyme A, a precursor of 2-methylcitrate, and which was upregulated 4-fold. The prpE mutant showed no reduction in colonization ability from that of the parent strain (tested in a different assay; results not presented). However, given the other energy sources available to Salmonella within the lumen, this was not unexpected.
D-Glucose is taken up and concomitantly phosphorylated either by the glucose-specific enzyme II (EII) transporter or by the phosphoenol-pyruvate-dependent transporter (97) . The phosphoryl group is transferred to glucose through enzyme I (encoded by ptsI) and the phosphohistidine carrier protein (encoded by ptsH) to sugar-specific EII, which consists of two subunits, crr and ptsG. At the mucosal wall, glucose may be a more important carbon source, with upregulation of ptsH and crr, though expression of ptsI and ptsG was not significant. However, in the cecal lumen, we think that a number of other carbohydrates may also have been utilized, most significantly melibiose and L-ascorbate, suggesting, with the downregulation of crr and ptsH, that glucose was not an available source. The breakdown of melibiose utilizes two genes, melA (␣-galactosidase) and melB (transporter), and their expression is stimulated by MelR (77) . Expression of melA was significantly upregulated in the lumen, although expression of melB and melR was not statistically significant. With the high levels of expression of melA, it suggests either that this compound may already have been present in the cell or that the product of the melA gene was being used to break down a second carbohydrate source.
Four of the 11 genes required for the catabolism of L-ascorbate to D-xylulose, which enters the pentose phosphate pathway, were upregulated. Generation of internal trehalose also appears to occur in the lumen, with the upregulation of otsA. This would fit with a model where the bacteria in the lumen are growing slowly or are under stress, as the trehalose operon is induced under these conditions in an RpoS-dependent manner (76, 84) . Trehalose has been demonstrated to play a role in cell protection against stressful environmental conditions, such as osmotic stress and heat shock, and was proposed to have a role in survival but not virulence (39) .
Several other sources of carbohydrates were not utilized in the lumen, including maltose and galactose, as indicated by downregulation of lamB (30) and mglB, respectively. Again, this is in contrast to the findings of Jones et al. (45) , which showed that maltose was important for E. coli colonization of the mouse intestine. These authors also found, in contrast to our previous findings, that glycogen was a significant carbon source (57) . These results indicate the different responses in terms of gene expression and metabolism to colonizing different hosts, as recognized by Chang et al. (15) and as is found in those genes responsible for respiration during systemic Salmonella infection in chickens or mice (83) .
Bacteria from the ceca demonstrated a requirement for methionine with significant levels of expression of metE, metF, with which metH forms the folate branch of the methionine pathway, and metR. The MetR protein acts as an activator for the transcription of metE, metA, metF, and metH (93) . Homocysteine functions as a coregulator for MetR-mediated regulation and has a positive effect on the expression of metE, which encodes a transmethylase, and metF, which encodes 5,10-methylenetetrahydrofolate reductase but has a negative effect on metA and metH. The methylation of homocysteine, the final reaction prior to formation of methionine, is carried out via the vitamin B 12 -independent enzyme MetE (94) . Genes involved in the utilization of other amino acids, including threonine (tdcB) and serine (dsdA and tdcG), were downregulated in the cecal lumen. The downregulation of tdcA, the transcriptional activator of the tdc operon, suggests that there is little requirement for threonine or serine within the lumen. There was also a significant downregulation of genes involved in the biosynthesis of glycine and one-carbon units (gcvH and gcvP), suggesting that these amino acids were not essential for growth and survival in the lumen.
The environment within the chick cecum was thought to be very weakly acidic, at pH 6.5 to 7 depending on diet, in addition to being anaerobic. Several mechanisms of survival of Salmonella under acidic conditions have been well documented (27, 29) , although it is fairly certain that this pH would not induce a strong acid tolerance response. Three acid-resistant (AR) mechanisms have been identified in Escherichia coli, including AR1, which involves RpoS and cyclic AMP (cAMP) enabling cells to resist a pH as low as 2.5 (28). The AR3 system involves an arginine decarboxylase and has recently been identified in Salmonella and expressed under anaerobic conditions (48) . S. Typhimurium DT104 was found to induce an argininedependent AR response involving transcriptional activation of adiA and adiC genes by adiY (48) . In the present study, expression of adiA and speA was detected at high levels in vivo, suggesting that Salmonella was degrading arginine to agamatine. Upregulation of the transcriptional regulator adiY and of speB, which converts agmatine to putrescine, was not detectable in the ceca. However, Salmonella was actively generating arginine, as indicated by the upregulation of argA and argS, and scavenging arginine, as indicated by expression of artJ, which encodes a binding protein for arginine. Interestingly, Salmonella expressed significant levels of genes from the potFGHI operon, which encodes an ATPase-binding, putrescine-specific uptake system. Polyamines have been found to increase survival in extremely acidic and other inimical environments (96) . Whether these data indicate low pH at the microenvironmental level or resistance to another factor inimical to metabolism in a gross environment where the pH is close to neutral remains to be determined. Mutation of argA did not alter colonization ability or survival in day-old chicks, although a role for speA in the colonization of 2-week-old chickens was suggested by Morgan et al. (59) .
Mutation of potG did not alter colonization of day-old chicks. Similarly, Morgan et al. (59) found that mutation of potH did not reduce colonization ability. This suggests that the potFGHI operon was not functioning to transport putrescine into the cell but may have been playing an alternative role.
As the evidence suggested an environment where oxygen concentrations were very low, a 3-fold increase in dcm, associated with DNA repair, was unexpected. Heithoff et al. (36) reported previously that dam mutants were virulent in mice, but the role of cytosine methylation (dcm) was unclear. It is important in the regulation of biological processes in plants and animals, but the role of dam in the methylation of adenine is more important. However, the results here suggest that in chicks, dcm may contribute to the survival of Salmonella within that environmental niche. Given the probably low oxygen content of the cecal lumen, suggested by the downregulation of cydA, cyoCD, nuoEFIJ, and frd, the expression of recC was unexpected. The protein encoded by this gene functions to repair damage to DNA caused by host-synthesized compounds. Mutations in recA and recBC were found to be highly sensitive to oxidative compounds synthesized by macrophages and avirulent in mice (11) . Similarly, the expression of sbcC was unexpected. The protein encoded by this gene acts to restore recombination and to resist DNA damage. It suggests that radical oxygen molecules, which could be damaging to the chromosome, may exist within the lumen. Interestingly, expression of tpx was detected at the mucosal wall, suggesting a gradient of oxygen across the cecum itself. Bacteria protect themselves from reactive oxygen species with a range of antioxidant defense enzymes, including thiol peroxidase. It was found that tpx acts as a lipid peroxidase to inhibit bacterial membrane oxidation and acts as a principle antioxidant for E. coli during anaerobic growth (14) . It is possible that tpx may be functioning in a similar way here. Again, the recent work by Winter et al. (90) is relevant here, since it indicates that the release of reactive oxygen species into the gut results from inflammation. Although there was no indication of any gross inflammatory response here, the induction of proinflammatory cytokines by invading bacteria is a rapid event (46) and begins to be apparent by 16 to 24 h postinfection of newly hatched chickens (91) . This process would undoubtedly have started in the gut of the chickens examined here.
Bacteria in the lumen displayed poor motility compared to in vitro-grown bacteria, as demonstrated by phase-contrast microscopy. The lack of motility is further supported by the downregulation of a number of genes involved in flagellar structure and function in the cecal lumen. The majority of the genes involved in the process were downregulated in the lumen, including two regulatory genes, flgM and flgN, which act to regulate gene expression. flgM acts as anti-sigma factor 28, which binds sigma factor 28 until the completion of the hookbasal body unit (2) . flgN has two roles (1): it acts as a sensor for late gene expression in flagellar assembly by promoting expression of flgM translation, and it is associated with hook-associated proteins to inhibit its translation on flagellar completion. The first hook-filament junction protein, encoded by flgK, was VOL. 79, 2011 SALMONELLA GENE EXPRESSION IN CHICKEN INTESTINE 4117 downregulated, as was flgB, which forms part of the rod protein (95) . Interestingly, fliC and fljB, which encode flagellin, were downregulated, as was fljA, which acts as a negative regulator for fliC expression (95) . This suggests that no flagellin was produced in the chick lumen and, with the lack of expression of chemotaxis genes (cheAWZ, tcp, tsr), suggests that there is no major chemoattractant in the lumen which Salmonella bacteria would move toward. The downregulation in expression of tcp and tsr (41) suggests that neither citrate (tcp) nor serine (tsr) is present in the lumen. Stecher et al. (74) have shown that motility increases closer to the mucosa in the inflamed mouse intestine, although flagellation was less important in the noninflamed gut. We did not look at motility at the mucosa, but there would certainly not have been any gross inflammation during the short period of the experiments here. Up to 13 different fimbrial operons have been suggested to be elaborated by Salmonella (40, 56) . Some fimbrial genes are only expressed in particular environments (24) . Within the chick lumen, several fimbrial genes were expressed, including stfAEFG, stbB, stjB, stcC, and sthB, suggesting that they may have a role in colonization or survival outside the host. The stf operon was found not to be essential for colonization by Clayton et al. (16) . Morgan et al. (59) suggested that stbC and sthB contributed to colonization of older chickens. Genes required for biosynthesis of thin, curled fimbriae (csgB and csgA) were upregulated in the lumen as in macrophages (24) . These are thought to have a role in adhesion, becoming associated with extracellular matrix, and are known to have a role in pathogenesis in E. coli (31) . They appeared to play little role in our in vivo model.
The fim operon, encoding type 1 fimbriae, was downregulated in the lumen due to the upregulation in the expression of two regulatory genes, fimY and fimW. The role of the fimY gene in S. Typhimurium remains unclear, though it is essential for fimbrial production and acts as a coactivator with fimZ (79) . fimW acts as a negative regulator and interacts with fimZmediated activation of fimA expression (78) .
Salmonella pathogenicity islands (SPI) contain genes which confer virulence-associated functions upon the host bacterium, often mediated by secreted proteins. In Salmonella, many pathogenicity islands and other gene clusters have been well characterized, and expression of a number of genes from the 5 major islands has been detected. A small number of genes from SPI-1 were upregulated, including sitBC, which encodes an iron uptake system (101) . The sitABCD operon is induced under iron-deficient conditions and is thought to play a role in iron acquisition in mice (42, 98) . Interestingly, hilC and hilD are downregulated in the lumen. These genes encode transcriptional activators, which can bind to hilA and induce expression of three operons within SPI-1, namely, inv-spa, prgorg, and sic-sip (23) . The high levels of repression of hilD suggest that expression of SPI-1 is inhibited, though expression of sipD and spaS was detected. hilD also plays a role in mediating the activities of SPI-1 and SPI-2 (12) . The role of SPI-1 genes, and secreted proteins in general, in colonization in day-old chicks has not been widely investigated and is of considerable interest. Most SPI-1 genes were found not to be required for colonization of the cecal lumen of older birds by Morgan et al. (59) , although they were required for colonization of the intestinal mucosa of calves. Recently, Jones et al. (43) found that SPI-1 did not play an essential role in systemic infection in 1-day-old birds. A subset of SPI-2 genes, including ttrAC, ssaBCDMSU, and sseC, were upregulated significantly in the lumen. Interestingly, gene expression was detected throughout SPI-2, though most of the changes were not significant. Regulation of expression of SPI-2 genes is thought to involve OmpR-EnvZ and PhoP-PhoQ (9), but none of the genes encoding these proteins showed significant alterations in their levels of expression. Again, Morgan et al. (59) found very few of these genes to be required for colonization of older birds. Interestingly, Wigley et al. (89) found in day-old chickens that SPI-1 contributed to and SPI-2 was essential for the virulence of Salmonella enterica serovar Pullorum in newly hatched chicks, where gut colonization does represent an early phase of the infection process in this infection model (73) .
In SPI-3, mgtC was upregulated, along with rmbA and fidL. The mgtC gene forms a part of the mgtBC operon, which is positively regulated by magnesium, although the exact role of mgtC has not yet been clearly defined. This gene does not have a role in magnesium uptake, though it may have a role in long-term survival in macrophage cell lines (58) , suggesting that mgtC may have a similar role here. Statistically nonsignificant increases in expression were also observed with mgtA and mgtB. No genes were expressed from SPI-4, and no role in colonization of chickens was observed by Morgan et al. (59) . However, in SPI-5, pipB, whose role is unclear, was found to be upregulated in the lumen and at the mucosal wall. These authors also found that pipB contributed to colonization of older chickens (59) . Although its role is unclear, it has a link with SPI-2 since this SPI is required for its secretion (50), though here those genes were not significantly upregulated.
It is worth noting that expression of ugtL was upregulated at the mucosal wall. This gene is required for resistance to the antimicrobial peptides maginin 2 and polymyxin B (69) . Within the lumen, magnesium limitation appears to be occurring, but it is interesting that a defense peptide is being expressed by Salmonella, suggesting that a rapid response by the host to infection is occurring.
The exact role for secreted proteins in colonization is unclear. Older work (82) supported the hypothesis that cecal colonization, of chickens at least, by Salmonella was largely a physiological characteristic, since there seemed little ecological advantage in adhesion to the mucosa in an organ where the rate of flow of chyme was very low. However, the identification of some SPI genes in colonization (59, 82) suggested that colonization, as a virulence trait, might not be as straightforward as originally thought. More recent information indicated that a T cell-mediated response, rather than secretory antibodies, was central to immune clearance of S. Typhimurium from the chicken gut (7), suggesting that a close association with the mucosa may indeed be involved. The upregulation of fimbrial genes (59) supports this assertion.
The microscopic observations indicated a higher rate of cell division in the mucosa than in the lumen of the cecum. This was supported by the increased expression at the mucosa of ftsA, a gene involved in cell division which acts to anchor the protofilaments of bacterial tubulin, encoded by ftsZ, to the membrane (62) . However, the presence of ftsA alone is not sufficient for the Z ring to form, and zipA (32) and other downstream genes required were not expressed at significant 4118 HARVEY ET AL. INFECT. IMMUN. levels at the mucosal wall. On the other hand, further support for active cell division occurring close to the mucosa comes from expression of mreB. The protein encoded by mreB has been found responsible for the rodlike shape of Salmonella bacteria (19) . Recent work (86) suggests that the MreB protein directs the incorporation of new peptidoglycan into the wall, though the presence of ftsZ is required to direct the insertion. In addition, yhdE, which inhibits the formation of the septum, was expressed (12) , suggesting that the cells were elongating after cell division at the point of sample collection. The MreB protein also contributes, it is thought, to chromosomal segregation (51) . These preliminary data suggest that S. Typhimurium bacteria in the cecal lumens of newly hatched chickens show downregulation of genes associated with transcription, translation, and cell division, all required for growth, whereas there was some expression of genes associated with cell division in bacteria harvested closer to the mucosa. It seems likely that concentrations of oxygen or of other electron acceptors and a variety of nutrients would be present closer to the mucosa than to the lumen, so these findings are not surprising. They are supported by earlier results with E. coli colonization of the mouse intestine, where there was evidence for most microbial growth taking place close to the mucosa (63), and our microscopic findings support this. The data suggest that several energy and carbohydrate sources are utilized which are different from those used in late-log-phase nutrient broth cultures, including propionate, ethanolamine, and 1,2-propanediol. Organisms in the lumen were poorly motile and showed a downregulation of genes associated with chemotaxis, though no genes associated with motility were identified or expressed at the mucosa. From our colonization studies, it was clear that several genes associated with propanediol catabolism under anaerobic conditions were involved in colonization, although the picture is obviously complex. However, in the light of previous findings where very few genes made great changes when tested as single mutations (16, 100) , coupled with the degree of metabolic redundancy in enteric bacteria, this perhaps should not be surprising. This indicates that the colonization phenotype is a multifactorial characteristic with the main site of metabolic and other physiological activity close to the mucosa.
